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Abstract Large-area epitaxial graphene films were grown
on cobalt by thermal cracker enhanced gas source molecu-
lar beam epitaxy. Growth conditions including growth tem-
perature and growth time play important roles in the result-
ing morphology of as-grown films. High-quality graphene
films can be achieved in a small growth window. Fast cool-
ing rate was not required in this process due to direct growth
mechanism under atomic carbon growth condition. Large-
area graphene films with high single-layer and bi-layer cov-
erage of 93% were confirmed by Raman spectroscopy and
transmission electron microscopy.

1 Introduction

Graphene has attracted tremendous attention in various
fields since it was discovered [1]. A few methods have been
implemented to synthesize large-area graphene, such as me-
chanical exfoliation of graphite [1], graphitization of SiC
substrate [2] and chemical vapor deposition (CVD) of car-
bon on metal substrates [3–8]. In CVD method, various met-
als including Ni [3–5], Cu [6, 7], and Co [8–10] have been
used. Owing to its very small lattice mismatch to graphene
[11], Co shall be an ideal substrate. Nevertheless, large-area,
high-quality graphene on Co substrates is still a challenge
in CVD process. Earlier, as-grown graphene films were ei-
ther very small (several nanometers, or tens micron by tens
micron) or containing inhomogeneous islands [8, 10]. Ago
et al. reported large-area graphene on Co/sapphire, which
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relied on rapid cooling of the sample by pulling out the sub-
strate from the CVD furnace immediately after the growth
[12]. Carbon precipitation from Co is responsible for the
CVD growth of graphene, however, rapid temperature cool-
ing is not very controllable, leading to the difficulty of con-
trolling the number of graphene layers. To better control
the number of graphene layers, traditional direct layer-by-
layer growth of graphene on a substrate may be more de-
sirable compared with carbon precipitation. Recently we re-
ported large-area graphene growth on Ni substrate by using
thermal cracker enhanced gas source molecular beam epi-
taxy (GSMBE) [13]. With the introduction of atomic carbon
atoms onto Ni substrate, direct epitaxial growth of graphene
was achieved at an elevated growth temperature and very
fast cooling to suppress the formation of multi-layer is not
necessary. In this letter, we report results of graphene films
on Co substrates by thermal cracker enhanced GSMBE. It
is found that not only high-quality, large-area graphene can
be synthesized, but also the morphology of the graphene is
better than that grown on Ni substrate. High single-layer and
bi-layer coverage of 93% is achieved by precisely control-
ling growth temperature and time. The mechanism of the
graphene growth is tentatively discussed.

2 Experimental details

500 nm Co film was deposited on SiO2 (300 nm)/Si sub-
strate by electron beam evaporation. The substrate was
immediately transferred into a thermal cracker enhanced
GSMBE chamber for preventing surface contamination. Hy-
drogen of 10 sccm (standard cubic centimeters per minute)
was input into the chamber during temperature ramping up.
After the target temperature was reached, acetylene of 10
sccm was introduced into the chamber through a thermal

mailto:jianlin@ee.ucr.edu


342 N. Zhan et al.

Fig. 1 (a) A floating PMMA/graphene after underneath Co film
was etched in 5% HCl solution. (b) A transferred graphene film on
SiO2(300 nm)/Si substrate

cracker, which operates at a temperature of 1200∼1300°C,
to provide atomic carbon beam onto the substrate for
graphene growth. The sample was cooled to room tempera-
ture after growth.

To transfer as-grown graphene films to desired sub-
strates, polymethyl-methacrylate (PMMA) was spin-coated
on graphene/Co/SiO2/Si substrate. After baked at 180°C
for 2 minutes, the whole sample was dipped into a mild
HCl solution (5%) and the Co film was etched, which
usually took 12 hours. After the Co film was etched
away, PMMA/graphene film floating inside the solution
was lifted by the same SiO2/Si substrate slowly. Acetone
was used to dissolve the PMMA layer after transferring
PMMA/graphene to a desired substrate.

High-resolution Philips CM300 transmission electron
microscope (TEM) with electron gun voltage of 300 kV was
used to characterize as-grown films. The Raman spectrum
was measured at room temperature with laser wavelength of
532 nm and power of 0.3 mW.

3 Results and discussion

Figure 1(a) shows the PMMA/graphene film floating inside
solution after the metal substrate was etched. This sample

Fig. 2 (a) Top-view TEM image of the graphene film. (b), (c) and
(d) are TEM cross-sectional images of single-layer, bi-layer and mul-
ti-layer graphene, respectively (the scale bar is 2 nm). (e) Diffraction
pattern of as-grown sample

was grown at a temperature of 950°C. After 4-minute car-
bon growth with acetylene flow rate of 10 sccm, the sam-
ple was cooled at a rate of 10°C/min. As seen from the fig-
ure, the PMMA layer effectively protects the intactness of
the as-grown film. After the PMMA layer was dissolved,
the graphene film still maintained a continuous form, being
strongly attached to the SiO2/Si substrate (Fig. 1(b)). The
size of the film is 1 cm × 1 cm, which is limited by the size
of the substrate holder in the GSMBE system.

Figure 2(a) shows a top-view TEM image of the film.
Except the areas where the graphene films fold up with
each other, very even brightness of the film is evident,
which indicates good morphology of the as-grown film. Fig-
ures 2(b)–(d) show cross-sectional TEM images of single-
layer, bi-layer and multi-layer graphene, respectively, which
exist in the same sample. The interlayer distance of 3.4 Å
obtained by fast Fourier transform agrees with that of
graphite. A clear hexagonal shape diffraction pattern from
most part of the film confirms good crystalline of the as-
grown film (Fig. 1(e)).

Raman spectroscopy is a very powerful tool for charac-
terizing carbon nanostructures because of its sensitivity to
carbon sp2 and sp3 bonds. Therefore, the position of G peak
(∼1580 cm−1), profile of 2D peak (∼2700 cm−1) and ratio
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Fig. 3 Raman spectra of graphene film grown at 950°C

of intensities between these two peaks (IG/I2D) change evi-
dently with the thickness of graphene films exfoliated from
graphite. For epitaxial graphene films, however, the G peak
position can also be easily changed as a result of the inter-
face strain between as-grown graphene films and SiO2 sub-
strate during transferring process [14]. In addition, as-grown
graphene usually does not have strict AB Bernal stacking
between each layer, leading to insignificant dependence of
evolution of 2D peak on its thickness [13, 15]. Reina et al.
[5] found a quantitative relation between the intensity ra-
tio of G peak and 2D peak (IG/I2D) and number of lay-
ers for epitaxial graphene; ratios of <0.5 and 0.5∼1 corre-
spond to single- and bi-layer, respectively. For higher ratio
(>1.8), the films are either multi-layer graphene or graphite.
Figure 3 shows Raman spectra of the graphene grown at
950°C, which was already transferred to SiO2/Si substrate.
Three curves were taken from three typical positions that ex-
hibit different optical contrast under an optical microscope.
The intensity ratios IG/I2D for the curves from bottom to
top are 0.45, 0.73 and 3.17, corresponding to single-layer,
bi-layer and multi-layer graphene, respectively. 93% single-
layer and bi-layer coverage can be obtained by Raman map-
ping and color histogram in the optical microscopy image,
which is much higher than that of graphene grown on Ni
in CVD [3, 5]. No detectable D band (∼1350 cm−1) was
observed in single-layer and bi-layer areas, indicating good
quality of the as-grown film. A very small D peak can be
found in multi-layer region, which may be due to the forma-
tion of dislocations at boundaries.

Figures 4(a)–(e) show optical microscopy images of
graphene films transferred on SiO2/Si substrates. These
films were grown at the temperatures from 800°C to 1000°C,
respectively. All other growth conditions were kept the same
including a cooling rate of 10°C/min, a growth pressure of

Fig. 4 Optical microscopy images of as-grown graphene films trans-
ferred on 300 nm SiO2/Si substrate with different growth temperatures,
(a) 800°C, (b) 850°C, (c) 900°C, (d) 950°C, (e) 1000°C. The scale bar
is 50 µm. Cooling rate of 10°C/min was used for these five samples. (f)
Graphene film synthesized at the same growth condition as (d) except
using an average cooling rate of 200°C/min

3 × 10−3 Torr, a flow rate of 10 sccm, and a growth time
of 4 minutes. As seen from Figs. 4(a)–(b), very high color
contrast between graphene films (right side of the images)
and SiO2 (left side of the images) can be observed, indi-
cating the growth of graphite, which is also confirmed by
Raman scattering measurements (not shown here). The as-
grown films become thinner with the increase of the tem-
perature, few-layer graphene with only small percentage
(Fig. 4(c)) emerges at 900°C. As the temperature reaches
950°C, uniform and continuous graphene films dominated
by single-layer and bi-layer finally grow on the substrate
(Fig. 4(d)). Some holes in the image are mainly due to inad-
vertent physical damage during transferring process. Nev-
ertheless, further increase of temperature to 1000°C leads
to graphene with porous net morphology (Fig. 4(e)). There-
fore, the growth temperature is critical to obtain good quality
of graphene films in thermal cracker enhanced GSMBE. As-
grown films could be either thick graphite or porous net if
the temperature would be lower or higher than the optimal
one, which is 950°C in this case.

Graphene grown by carbon precipitation mechanism
in CVD method typically requires a rapid cooling rate
(160°C/min or 600°C/min [3, 4, 16]) to suppress the forma-
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Fig. 5 (a) Diagram of the morphology of as-grown films versus
growth time at different temperatures. (b) Single-layer and bi-layer
coverage and defects density dependence on growth temperature

tion of multi-layer graphene. In thermal cracker enhanced
GSMBE, the situation is different. Figure 4(f) shows an op-
tical microscopy image of the graphene sample, which was
grown at a cooling rate of 200°C/min from 950°C. All other
growth conditions for this sample are the same as that of
the sample shown in Fig. 4(d), in which a cooling rate of
only 10°C/min was used. No observable difference can be
found between Figs. 4(d) and 4(f), which means different
cooling rates do not result in a different number of layers in
graphene growth. This result implies that the growth mech-
anism is direct epitaxial carbon growth in thermal cracker
enhanced GSMBE rather than carbon precipitation as ob-
served in CVD, which is further confirmed by the growth-
time dependence as described in the following.

The growth-time dependence was carried out at the
temperatures of 850°C, 900°C and 950°C, respectively
(Fig. 5(a)). At each temperature, graphene films started with

porous net structures as the growth was short; became con-
tinuous films as the growth time was moderate; and evolved
to thick graphite as the growth was long. Since the cooling
rate used in each growth is the same at 10°C/min, this re-
sult is the direct evidence of direct carbon growth on Co.
For quantitative analysis purpose, the thick film with single-
layer and bi-layer coverage of less than 50% is defined as
thick layer, and the film with holes occupying more than
50% of the whole area is defined as porous net. Figure 5(a)
shows this quantitative dependence at different tempera-
tures. The major part of the image is occupied by “thick
layer zone” and “porous net zone”, graphene is formed only
in a very small growth window. This growth window is
only 5 seconds at 850°C, and it becomes bigger with the
increase of temperature, reaching 40 seconds as temperature
is 950°C.

Figure 5(b) shows single-layer and bi-layer coverage, and
corresponding defects density (Raman peak intensity ratio
IG/I2D) as a function of growth temperature. The cover-
age of films grown at 850°C is only 52%, and increases to
63% at 900°C, and 93% at 950°C; while the IG/I2D ratio
decreases from 16% at 850°C, to 11% at 900°C and fur-
ther to negligible percentage at 950°C. Low temperature
causes insufficient thermal energy provided by substrate,
which decreases the diffusion length of carbon atoms on the
Co surface. The areas with more nucleation centers on grain
boundaries easily keep absorbing carbon atoms and forming
graphene. In the mean time, other areas have much less car-
bon to grow, which brings about unevenness and also lots
of defects between different areas. With the increase of the
substrate temperature, carbon atoms have larger diffusion
length and more freely migrate around Co substrate. Fewer
defects are observed because of more evenness across differ-
ent areas. In addition, flatter Co surface may be generated
at higher temperature, leading to more uniform first-layer
graphene growth.

Finally, the Co-assisted graphene growth in thermal
cracker enhanced GSMBE can be described as follows. Dur-
ing carbon growth in GSMBE, once acetylene molecules
are broken by thermal cracker, atomic carbon beams form
and impinge onto Co substrate. The substrate then adsorbs
incoming carbon atoms to form graphene. At initial stage
when there are not enough incoming carbon atoms, bound-
aries and surface defects act as nucleation centers, having
priority to absorb carbon atoms and form graphene film,
which explains why short-time growth always brings about
porous net. Once monolayer graphene covers Co surface,
further carbon beam acts as source for epitaxial growth on
existing layer, leading to thick layer growth. Besides the ad-
sorption process, the desorption process also plays an impor-
tant role in graphene growth. As the desorption coefficient
increases at higher temperature, carbon atoms are harder to
absorb by Co to form graphene, leading to thinner carbon



Cobalt-assisted large-area epitaxial graphene growth in thermal cracker enhanced gas source molecular 345

growth and eventually porous net morphology at 1000°C,
which was observed in Figs. 4(a)–(e).

4 Conclusions

Large-area epitaxial graphene films were achieved on Co
substrates in thermal cracker enhanced GSMBE system.
Clear TEM diffraction pattern and lacking D peak in Ra-
man spectra indicate the high quality of as-grown films.
The single-layer and bi-layer coverage of 93% was achieved
at an optimized temperature of 950°C. A narrow growth-
time window was found for different growth tempera-
tures. Carbon absorption and desorption phenomena were
responsible for temperature-dependent and growth-time-
dependent graphene morphology. Direct epitaxial growth
mechanism was confirmed through temperature cooling rate
and growth-time-dependent experiments. These studies sug-
gest that thermal cracker GSMBE can be promising in grow-
ing large-area graphene on Co substrates.
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